INTRODUCTION
Single wall carbon nanotubes (SWCNTs) have been receiving increased interest for applications exploiting their individual properties. Some of these properties are unique as the high aspect ratio (small diameter of ,,-,1 nm and long length of many microns) , high thermal and chemical stability, very good heat conduction, and high mechanical strength (elastic modulus of <"VI TPa, comparable to that of diamond).
[l ] The electronic properties of nanotubes depend on the manner in which the graphene sheet is wrapped up to form a nanotube (tube diameter and chirality). SWCNTs can be metallic, semiconducting with a very small energy gap (a few meV) or semiconducting with a moderate energy gap (few tenths of e V). Conductivity measurements on individual SWC Ts have shown rectification effects for some nanotubes and ohmic conductance for others. These properties suggest that nanotubes could lead to a new generation of nanoscopic electronic devices. [2] A reproducible implementation of SWCNTs in nanoscopic devices requires effective control by means of imaging techniques . Although some of the available techniques as Atomic Force Microscopy (AFM) are very helpful and cost effective, if compared to electron microscopy (EM) and scanning tunneling microscopy (STM), they probe only part of the important properties of the carbon nanotubes. In contrast, spectroscopic characteristics of the carbon nanotubes reflect most of their physical properties. The nanotube diameter and chirality uniquely determine the carbon vibrations (having phononic character) and nanotube electronic structure. Among the spectroscopic techniques only Raman scattering utilizes to full extent the peculiar interplay of SWCNTs properties. [3] Raman scattering from phonons in SWCNTs is mediated by electrons via electron-phonon coupling thus probing the electronic structure as well. One dimensional character of SWCNTs give rise to sharp van Hove singularities (vHS) in the electronic density of states (eDOS), which leads to a strong resonant Raman scattering process. [4] As a result, Raman scattering response of SWCNTs depends on the tube diameter , [5, 6] tube axis direction , [7] chirality, and electronic character of excited nanotubes. [8, 9] The resonant character of Raman scattering increases the scattering efficiency to a level that an individual SWC T s can be detected.
[IO] The specificity of the Raman spectroscopy of SWCNTs suggests that a Raman imaging technique would be a highly effective imaging tool.
In this article we explore the capabilities and limitations of confocal Raman imaging 2 technique to locate nd characterize isolated or agglomerated SWCNTs having submi cron .t. r--size. The main ideolog is to couple light that inherently allows micron resolution to excitations that are con ned to individual carbon nanotubes with nanometer size. This coupling is realized in Raman scattering process. We show that the Raman imaging of vibrations in SWCNTs could compensate, to some extent , the diffraction limited resolution of optical microscopy by measuring additional to spatial properties of SWC T s. The Raman imaging technique described herein is akin to the Raman chemical imaging but instead of mapping different chemical components in the sample we produce images of different vibrations of SWCNTs, which in turn refl ect specific nanotube properties. Recently, diffraction limited Raman imaging and corresponding AFM images of isolated SWCNTs and thin bundles have been reported. [11] The approach in Ref. 11 generates high quality images based on integrated ~ Raman intensity Rver frequency range containing several carbon vibrations. In this case the Raman image is more topographic than physically and chemically distinguishable. Further increase of the Raman imaging resolution to nanoscale has been achieved by mapping surface enhanced Raman scattering (SERS ) induced by scanning a sharp metallic tip over the carbon nanotubes.
[12] SERS, however , is a complex excitation of SWC Ts that involves surface plasmons of t he scanning t ip and one needs more investigation on how to relate SERS to the spontaneous Raman spectra . Both techniques [11 , 12] require specific modifications of standard Raman spectroscopy systems. Instead, we demonstrate Raman imaging in details using a commercial spectrometer that otherwise is used to cover a broad range of analytical applications.
II. RAMAN IMAGING TECHNIQUE: EXPERIMENTAL DETAILS
In the Raman imaging experiment we scanned SWCNTs deposited on a quartz plate by means of a pulsed-laser vaporization technique. Briefly, the deposition setup uses a doublepulse laser oven process for nanotube production. Small quartz fl ats (6mm in diameter) are placed inside the flow tube at different distances from the target. In order to limit the nanotube production to individual tubes and small diameter bundles, the laser ablation was run for only 0.5 sec while maintaining other normal production conditions (such as temperature of 1473 K in argon flow and laser energy density of 1.5 J /cm 2 ). The length and diameter distribution of t he isolated SWCNTs and small bundles is carried out using Fig. 1 (b) . The spectrometer was tuned to cover the spectral range of 1350 to 1850 cm -1. Figure 1 (b) shows that the line scan covering ~ 20 j.tm (400 pixels) clearly crosses at least five SWC Ts or bundles. Such a 3D image is very informative. It gives the relative position of the SWC Ts on the line scan trace and the spectral data for each of the Raman scatterers. The raster scan of the sample surface was achieved by moving the microscope table in a direction perpendicular to the line scan at ~ 1 j.tm steps thus recording a series of consecutive images as that one shown in Fig. 1 (b) . The Raman data collected from the scan contains both spatial and spectroscopic information. Firstly, we analyze the line scan Raman data. The spatial part of the data corresponds to an optical image as the one shown in Fig. 1 (a) divided into cells of size (dt/4) x d l or 5 x 20 pixels image on the CCD. Each Raman spectrum in Fig. 1 (b) is generated by a single cell , that is, each cell acts as a Raman scatterer. In our experiment every line scan was recorded 4 in parallel incident and scattered light polarizations for two orthogonal directions for the incident light polarization.
III. MAPPING CODES FOR SINGLE WALL CARBON NANOTUBES
The Raman microprobe scanning technique described in the previous section generates a cellular grid type of data base, a Raman microprobe map. E ach cell on the map determines an original pixel on the R aman microprobe image. In order to create an image of the scanned area we have to code these cells with colors or levels of grey that correspond to certain spectroscopic characteristics. Examples of mapping codes are the integrated Raman intensity under certain Raman peaks or the frequency of a given vibration. The latter may vary in different parts of the sample due to non-homogeneous stress distribution or chemical modification . In this section we list the salient Raman scattering propert ies of SWCNTs t hat suggest rich variety of mapping codes .
The key Raman feat ure of SWCNTs is the extremely strong Raman scattering rate when the incident or scattered photon is in resonance with interband t ransit ions between vHS . Next important group of carbon vibrations is that of the " disorder induced" , D-band. The first-order Raman scattering from materials with translational symmetry as SWCNTs along the nanotube axis is restricted to the long wavelength vibrations (with wavevector q ~ 0) because of the requirement for the quasi-momentum conservation in the scattering process.
In graphite, the in-plane "breathing" vibrations of carbon hexagons have wavevectors around the K-point in the Brillouin zone and are Raman forbidden . However, disorder in graphite facilitates a peculiar double resonant process that makes these vibrations Raman active. [17] The Raman feature corresponding to these vibrations is usually called the D-band. This band is also observed in "defect" SWCNTs and similarly to the D-band in graphite it is highly dispersive: the D-band frequency, WD increases linearly with the laser excitation energy in the range 1290 -1360 cm-I. [3, 18] The Raman scattering from the second harmonic of the D-band, the D*-band, is always allowed and needs no disorder to be observed . [19] Finally, we describe the properties of t he tangential C-C bond stretching vibrations of SWCNTs having frequencies in the range 1520 -1600 cm-I . under resonance with specific group of nanot ubes. For instance, the G-band at resonance with semiconducting SWCNTs exhibits a sharp peak at rv 1590 cm -1 and a weaker sideband within 1560 -1570 cm -1 . The profile of the G-band of metallic nanotubes is dominated by a broad feature rv 1540 cm-1 , having sometimes apparent asymmetric lineshape, and a much sharper peak at rv 1580 cm-l . [8] The 632. 8 nm laser line excites ~+o. JI(~ d t ~ 1.30. [4] Recent extensive Raman study [6] of various isolated SWC T s has revealed that the G-band of a SWCNT is essent ially a doublet with a higher frequency component w6 independent of d t and the low frequency component we = w6 -C / dO., wit h a ~ 1.4 [20] and C , a constant t hat depends on the symmetry of t he mode and whether t he t ube is semiconducting or metallic.
In the present work we derive t he mapping codes from t he spectroscopic characteristics of the G-band. This band is t he most informative vibrational group of SWCNTs. The frequency component we is t ube diameter dependent and it is strongly renormalized in the metallic SWC T s featuring a huge broadening. The higher fr equency component w6
gives important information about the charge and stresses on t he nanotube. Oxidation of SWCNT s leads to upward shift of w6 by 320 cm-1 per hole, per carbon atom . [21] Reduction, as for instance K or R b doping of SWCNTs, has opposite effect on w6. [22] Compressive axial strain of SWCNTs results in increasing of w6 by 15 cm-1 /% . [23] 
IV. RAMAN IMAGE FORMATION
In Sections II and III we described the key ingredients of t he Raman image formation .
These are the cellular grid t hat covers t he scanned portion of the sample surface with associat ed Raman spectra and t he mapping codes. Firstly, we proceed wit h the line scan shown in Fig. 1 (b) . It contains 112 Raman spectra covering t he spectral range of t he Dband and G-band vibrations of SWCNTs. Two of these spectra are shown in Fig. 2 . E ach spectrum presents the Raman response from a scat terer wit h size 0.3 x 1.2 p,m 2 (see Section II) on the sample surface . Next we define the mapping code t o be the integrat ed intensity under the Raman peaks . In the simplest approach t his can be accomplished by summation of the spectral weight ~elow the curve over certain spectral range. For instance, in the present work we use three mapping codes t hat correspond to the integrated Raman intensity of t he D-band , We , and w6 bands over the spectral ranges marked by the vertical dash-lines in 7 1- Fig. 2 . Having defin ed the mapping code as integrated Raman intensity, in the next step we plot the variation of the Raman intensity along the line scan. In Fig. 3 we present w~-band profile of the line scan shown in Fig. 1 (b) . With t his step we assign the quantity Raman intensity to definit e spot on the scanned surface. The peaks in Fig. 3 correspond to spots on the scan where the laser beam hit SWC T s or bundles. Note t hat t he linewidth of the peaks is at best 20 pixels , t hat is, t he spatial resolution is convoluted by the size of t he focused laser spot. Finally, the two dimensional (2D) image of t he scanned area is as mbled-from Raman intensity profil es as t he one in Fig. 3 pixel size) of 12 x 9 f..1,m 2 area, covered by SWCNT s for t he t hree mapping codes. We can identify areas wit h predominately one type of t ubes , semiconducting or metallic, simply by comparing w~ and We-band images displayed in Fig. 4 . Going back to Fig. 2 we note t hat S~l -'V0: t he Raman spectrum having strong and broad We-band sWa,m.s from a bundle containing metallic tubes whereas t he other , overall much weaker, spectrum is possibly from an isolated ) semiconducting SWCNT. Qualitatively, areas having stronger w~ than We -band intensity are most likely deposited by semiconducting SWC IT s. To support this riteria', we present in Fig. 5 the Raman spectra corresponding t o the spots 1-5 on the Raman image in Fig.   4 (b) . The Raman lineshape in Fig. 5-1 clearly indicates a presence of a semiconducting SWCNT. The strong overall signal from the spot 4 reveals a relatively thick bundle of mostly metallic SWCNTs at that place , an assignment furt her supported by the obvious softening of t he w~ band in Fig. 5-4. [9] The area around the spot 5 ~gal mixed type SWCNT bundles but with predominately semiconducting nanot ubes as -e: ealed in Fig. 5-5 . Now ) we analyze the D-band image in Fig. 4 (c) . The non-vanishing intensity of the D-band --m-indicat~~~defects on the SWCNTs. Interes tingly, the nanotubes on the area covering the 8 r-~· spots 1-3 exhibit no appreciable D-band intensity, whereas t he remaining part of t he D-band image in Fig. 4 (c) ~reproducr4. the images in Figs. 4 (a) and (b). On the other hand , the relatively low Raman intensity at spots 1-3 in Fig. 4 (a) and (b) suggests that torresponding f\ area is covered mostly by isolated SWCNTs. This leads us to the conclusion t hat during t he growth process individual SWCNTs got less damaged than nanotubes grown in bundles or/and nearest neighboring SWCNTs in the bundle may facilitate t he double resonance process as well.
V. LINEARLY POLARIZED IMAGING: IMPROVING RESOLUTION
In t his section we explore t he opportunity to improve the resolution of the SWCNTs ( images by reconstructing t he nanotube dimensions, especially the length. The Raman intensity of a SWCNT , measured for parallel incident and scattered light polarizations, varies \~<IM.. \9 has Is = Io cos 4 () W:it~ the angle ~ between t he polarization vectors ~,s and t he nanotube axis. [7] We can use t his relation to construct t he image of angle distribution () (x,y) over the scanned area! that is, each pixel will be given t he value of t he angle between SWC-NT s and t he polarization vectors . In our experiment we recorded polarized Raman spectra of t he scanned area for two directions of t he light polarization: along and perpendicular to t he line scan. For instance, t he images shown in Fig. 4 are derived from the Raman spectra taken wit h €.J,s along t he horizontal edge of t he image . Let us denot e t he Raman intensity at (x, y) point on t he image as h (x, y, ()) = Iocos 4 ( () ) for eJ,s along the horizontal direction. The corresponding expression for ~, s pointing t he vert ical direction is t hen Iv(x, y, ()) = Io cos 4 (7r / 2 -()). The angle () can be easily found from t hese expressions and is given by () (x, y) = arctgyiIv(x, y)/h (x, y). ote that one obtains t he same result also for a tube at angle -(), that is, t here is inherent uncertainty to determine the tube direction only from the Raman spectra provided t he length of t he nanotube is shorter than d l . Another limitation comes fr om overlapped SWC T s having different orientations. To illustrate t he angle distribution imaging we further analyze the framed area on the Raman image in Fig. 4 (a) . The image in Fig. 4 (b) t hat contains the spot 1-3 along with the corresponding spectra in Fig. 5 indicate a semiconducting SWC T stretched between spot 1 and 2 wit h ) length > d l and overlapping metallic and semiconducting nanotubes at spot 3. In Fig. 6 (a) and (b) we display the wet images covering the framed area in Fig. 4 (a) for the vert ical 9 v4;fV\ ~....,~ and horizontal directions of eJ,s, resp ectively. The Hl:ttdt'intense image t aken fur horizontal direction of eJ,s suggests t hat t he direction of t he SWC T s is closer t o horizontal t han to vert ical ~ (e < 45°) . The horizontally polarized we image shown in Fig. 4 (b) and the one for vertical polarization (not shown here) exhibit similar t he to wet images contrast. One way to make an image of t he angle distribution is to plot the iso-angle contours. In Fig. 6 (c) we present the SWC Ts angle distribution derived from the images given in Fig. 6 (a) and (b) .
To improve the visualization of t he angle distribut ion in Fig. 6 (c) we decorated the image by sketching t he possible position of t he nanotubes. ote that t he orientation of t he SWCNT on the upper part of t he image cannot be determined because of the short nanotube length.
VI. CONCLUSIONS
In t his work we demonstrate the capabilities of the Raman imaging to locate and ident ify isolated SWCNT s or bundles deposited on non-metallic surface. Alt hough the spatial resolut ion is limited by t he size of the point illumination , we reveal more details on some of the images using a decorative technique based on the collected spectral data. Extensive fi t treatment of t he Raman spectra implemented in t he Raman image, t hough being a tedious work , would add such a subtle but important detail as stress/charge state of t he SWCNT obj ect. 
